ABSTRACT. Tritium time series for precipitation in Beijing have been reconstructed for the period 1953-2002 using various methods: Guanbingjun method; trend surface analysis method; double reference curve method; triangulation method; and correlation method. By comparing the reconstructed results with the measured data of Beijing as well as data of other regions available in the IAEA GNIP database, the corresponding tritium time series have been developed for Beijing for the period 1953-2002, and the optimal time series was selected. The reconstructed result can be used for groundwater dating and related studies in Beijing as well as the surrounding areas.
INTRODUCTION
Tritium ( 3 H) has been used in earth and environmental sciences for several decades (Leboucher et al. 2004; Varlam et al. 2010; Zhai et al. 2011) , especially in groundwater studies to calculate the recharge rate and to identify the presence of modern recharge (Liu 1995; Noakes et al. 1998; Celle et al. 2001; Avrahamov et al. 2010) . Since Kaufman and Libby (1954) first proposed that tritium could be utilized for groundwater dating, it has been applied in many regions of the world (e.g. Edmunds 2009; Bretzler et al. 2011) . Tritium is a radioactive isotope of hydrogen with a half-life of 12.32 yr (Lucas and Unterweger 2000) produced naturally in the upper atmosphere by cosmic rays (Kaufman and Libby 1954; Clark and Fritz 1997) . However, most of the tritium found in the environment was introduced during nuclear testing in the atmosphere since the early 1960s (Michel 2005) . These tests led to an increase in the tritium content in precipitation in 1963 by about 3 orders of magnitude (Kazemi et al. 2006) . Since then, the amount of tritium in precipitation has been decreasing almost exponentially towards natural levels (IAEA and WMO 2004) .
Prior to tritium dating of groundwater, knowledge of the temporal tritium variation in precipitation (tritium time series) in the study area is essential (Celle et al. 2001) . It is the "input function" of the dating model (Cook and Solomon 1997) . Although the Global Network of Isotopes in Precipitation (GNIP) was established by IAEA and WMO in the 1960s, most areas in the world lack long-term monitoring data for tritium in precipitation due to the insufficient distribution of stations (Song et al. 2007 ). There are essentially 2 ways to obtain the input function for a study area lacking long-term monitoring data: one is to directly use the monitoring data from another region, and the other possibility is to calculate the input function through some method based on the data from other monitoring stations. The former usually leads to relatively large uncertainties (Sidle 1998; Bethke and Johnson 2002) , since the input function usually possesses the regional characteristics (Doney et al. 1992; Stark et al. 2004) . The latter way is generally more precise, and a few different methods are currently available for reconstructing tritium time series (Celle et al. 2001 ).
The aim of this paper is to build a tritium time series in the precipitation of Beijing, China, for the period 1953-2002. In total, 5 calculation methods have been employed, and the required input functions are constructed based on the monitoring data of 5 GNIP stations in other regions.
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METHODOLOGY
There are several commonly used methods for reconstructing tritium time series in precipitation, including the Guanbingjun method (GM) (Guan 1986; Guan and Tang 1992) ; trend surface analysis method (TSAM) (Watson 1971) ; multiple linear regression method (MLRM) (Lian 1990 (Lian , 1991 Stock and Watson 2011; Wolfgang and Leopold 2012) ; double reference curve method (DRCM) (Doney et al. 1992; Yang et al. 2010; Zhang et al. 2011) ; triangulation method (TM) (Celle et al. 2001; Ba and Xu 2010) ; and the correlation method (CM) (Su 2002; Wang 2006; Gao 2008 ).
In the sections that follow, a brief introduction will be given to each method, except for the multiple linear regression method (MLRM; Lian 1990) , which is only valid for the regions within 35-39N and 100-140E, and thus excludes Beijing. For detailed information on each method, the reader is referred to the related references.
Guanbingjun Method (GM)
The Guanbingjun method (GM) was proposed and improved by Guan (Guan 1986; Guan and Tang 1992) to study the isotope contents in precipitation in China. He found that the latitude and the precipitation amount had a joint impact on tritium concentration in precipitation. Based on 700 measured tritium concentration data from 45 monitoring stations of GNIP in the Northern Hemisphere (20-53N), he proposed several empirical equations (each for a specific latitude zone) to correlate the annual tritium concentration in precipitation with the annual precipitation amount over the region that covers nearly the whole of China (20-24N, 25-29N, 30-34N, 35-39N, 40-44N, and 45-53N) . The equation can be expressed as:
in which T refers to the mean annual value of tritium concentration in precipitation (TU), P is the annual precipitation amount (mm), and K and C are parameters varying with the year and latitude.
Based on Equation 1, a quantitative relationship can be established between the tritium concentration in precipitation and the precipitation amount. It provides an important way for reconstructing the tritium time series in precipitation in areas where long-term monitoring data are not available. However, because the data for establishing the GM were collected only for the period 1963-1978, the validity of reconstructed tritium time series needs to be further verified for other time periods.
Trend Surface Analysis Method (TSAM)
Trend surface analysis is an efficient procedure for separating in mapped data the systematic largescale variations from the essentially random small-scale changes due to local effects (Krumbein 1959) . It is also known as the inner-interpolation method (Gao 2008) , and has been applied in environmental science, as well as archaeology, geology, soil science, etc. (see Watson 1971) . The prerequisite for applying this method is the availability of monitoring data from several stations around the study area. The relative geographical locations of these stations to the study area are also required. A trend surface can be thereafter generated based on the data from these stations, and a corresponding multivariable trend surface equation can be established. The tritium time series in the study area is constructed by interpolation via the established equation. The results can always be improved by selecting more stations, by selecting stations closer to the study area, and in particular, by utilizing stations distributed more uniformly around the study area. The equation for the TSAM can be represented by:
in which x and y refer to the longitude and latitude of the monitoring station, respectively; T j (x, y) represents the j th year tritium concentration observed by the monitoring station located at (x, y), and A j , B j , and C j are regression parameters. The timespan of the reconstructed tritium time series is determined by the time period over which the tritium data were collected from the surrounding monitoring stations.
Double Reference Curve Method (DRCM)
Scott et al. (1991) developed a global model function to predict the annual mean concentration of tritium in precipitation over the period . The model was constructed based on data from the 500 global stations of GNIP. The model consisted of 2 reference time histories or factors, calculated from a factor analysis of the zonally averaged global data set, and global maps of the 2 spatial coefficients associated with the factors. By combining the reference curves with the appropriate coefficient values taken from these maps, an estimate of the tritium time history for particular locations can be made. The predicted error for the integrated tritium concentration from the annual model was approximately 3-10% and, in a comparison with previous work (Weiss and Roether 1980) , provided a statistically better fit of the tritium data at most stations (Doney et al. 1992 ). The equation employed by the DCRM is (3) in which C p (t) is the calculated tritium concentration in precipitation, and represent the 2 reference curves describing the distribution of tritium concentration in precipitation reconstructed from the factor analysis method, and f 1 and f 2 are the variation factors depicting the correlation between the monitoring stations and the reference curves that are unique for each specific station. As with other models discussed above, because the data used to reconstruct the tritium time series only cover the limited period from 1960 to 1986, the validity of model prediction beyond this time period needs to be verified.
Triangulation Method (TM)
The triangulation method (TM) constructs a tritium input curve based on the latitude, longitude, and the tritium time series of 3 stations geographically surrounding the study area (Celle et al. 2001) , with the 3 stations forming a "triangle." The model can be represented by:
where T D is the calculated tritium concentration; the subscripts A, B, and C denote the 3 monitoring stations surrounding the study area, respectively; T A , T B , and T C are the tritium concentrations observed at stations A, B, and C, respectively; and f A , f B , and f C are regression parameters that are calculated by:
(5)
where l and L refer to the longitude and latitude, respectively; and the subscripts A, B, and C represent the 3 respective stations. As with the TSAM, the valid timespan of the reconstructed tritium time series relies on the time period covered by the tritium data observed at the 3 surrounding monitoring stations.
Correlation Method (CM)
The correlation method (CM) reconstructs the tritium time series in the study area by correlating the local tritium concentrations with those of other regions in which long-term tritium data are available. To be able to establish the equation mapping the tritium data between the 2 regions, tritium data covering several years are required in the study area. Several studies (e.g. Wang 2006) showed that the tritium data of most GNIP stations exhibit a good linear correlation (R 2 0.9) with those of the Ottawa Station of GNIP (Canada), which collected the most complete tritium time series over the past decades. Therefore, for some study areas in which the monitoring tritium data are rather limited, a more comprehensive tritium time series can be reconstructed by applying this method together with the most complete monitoring tritium time series available from other stations, for example, Ottawa Station.
The CM is attractive since the required monitoring tritium time series can be freely obtained from GNIP, and the reconstruction process is relatively simple. The limitation of CM is that the tritium time series over a certain time period is required, which can be satisfied by using either experimental monitoring data or model reconstruction data.
In the sections that follow, we apply all of these methods to reconstruct the tritium time series in the precipitation of Beijing. By comparing with the monitoring tritium data, the methods can be verified and the optimal method can be identified for the study area.
STUDY AREA
General Setting
The study area, Beijing, China, is located between 3928-41°05N and 11525-117°30E in the northern part of the North China Plain (NCP). Geomorphologically, the area is highest in the northwest and lowest in the southeast. It is adjacent to both Yan Mountain and Taihang Mountain, and 150 km away from the Bohai Sea (Figure 1 ). Beijing is surrounded by several deserts and loess deposits that cover large areas (for more details, see Xu and Han 2009) . Beijing is one of the most populated cities in the world with more than 20 million inhabitants by the end of 2011 and is the capital of China. It is the political, economic, and cultural center, as well as the most important international port of the nation.
Beijing has a typical continental monsoon climate found in the northern temperate zone. As a result, Beijing has 4 distinct seasons. The winter is cold and dry due to northerly winds from high-latitude areas, while the summer is hot and wet as a result of the east and southeast airflow carrying moisture from the southern Pacific Ocean and the Indian Ocean (Wen et al. 2010) . The mean annual precipitation is about 585 mm during the past 60 yr (Zhai et al. 2012a ). However, the longterm average annual potential evaporation is 1800 mm, which greatly exceeds the annual precipitation. The mean annual temperature is 12 C. The hydrochemical and isotopic characteristics of precipitation are strongly affected by the local circulation patterns and thus lead to their uniqueness.
Available Monitoring Data
Monitoring of tritium concentrations in precipitation in the study area over certain years is of paramount importance to validate the reconstructed results, and in particular, the reconstructed results by the correlation method (CM). The published monitoring data of Beijing collected for the period from 1953 to 2002 are summarized in Table 1 . Annual mean values (mean) and their combined uncertainties (standard deviation, 1) are calculated and added to the table.
RESULTS
Guanbingjun Method (GM) Results
The empirical equation in the Guanbingjun method is proposed based on the monitoring tritium data in the areas located within 35-39N and 40-44N (Beijing is located at the junction of the 2 areas). Thus, reliable and robust tritium time series of Beijing were calculated by using the averages of the tritium concentrations from the 2 areas (35-39N and 40-44N, respectively) in the reconstruction process. In addition, because the monitoring tritium data in the original Guanbingjun method were collected during the period 1963-1978, the reconstructed tritium time series in this work covered the same period, i.e. [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] . The calculated tritium concentrations as well as the associated empirical equations are listed in Table 2 .
Trend Surface Analysis Method (TSAM) Results
A 2-dimensional trend surface equation was constructed by choosing the GNIP stations in Pohang (Korea), Tokyo (Japan), Irkutsk (Russia), and Hong Kong (China) as the reference stations. Tritium concentrations measured at these 4 reference stations over the period 1969-1976 were employed. The calculation results and the values of model parameters are summarized in Table 3 . The geographic locations of these stations along with that of Beijing are shown in Figure 2 .
Double Reference Curve Method (DRCM) Results
According to the global distribution maps proposed by Scott et al. (1991) , the variation factors in the DRCM equation (i.e. f 1 and f 2 ) were 125 and 70 for Beijing, respectively. The parameter values as well as calculated tritium concentrations before and after the decay correction are listed in Table 4 . 
Triangulation Method (TM) Results
An interpolation equation was constructed by taking 3 surrounding stations from the GNIP database-Irkutsk, Tokyo, and Hong Kong (Figure 2 )-as the reference stations. Tritium data measured at these 3 stations during the period 1969-1976 were employed. The reconstructed concentrations of tritium in the precipitation of Beijing are listed in Table 5 along with the corresponding measurement data at the 3 reference stations. 
Correlation Method (CM) Results
As shown above, GM, TSAM, DRCM, and TM are all restricted by the time period of available monitoring tritium data. The latest year applicable in these methods is 1986 (DRCM , Table 4 ). Therefore, a method that can extend beyond 1986 is highly desirable. The correlation method was employed in this work to reconstruct tritium time series for the years beyond 1986. Correlation equations were established by which the linear relationships can be determined between the calculated tritium data of Beijing by GM, TSAM, DRCM, and TM and the monitoring tritium data of Ottawa Station. The monitoring data of GNIP stations, especially Ottawa Station, showed that the tritium concentrations in precipitation experienced a drastic, sudden drop in 1972. The tritium concentrations in precipitation were generally hundreds or more TU before 1972, while they became at least an order of magnitude lower for the years after 1972. The year 1972 can be considered therefore as the turning point of tritium concentrations in precipitation. To avoid possible uncertainties in the calculations that could be caused by this sudden drop, all correlation equations presented in this study were generated using the tritium time series after 1972. The results are summarized in Table 6 .
Using the empirical equations presented in Table 6 , the concentrations of tritium in Beijing precipitation can be calculated over an extended time period using corresponding data from the Ottawa Station. Because the available monitoring tritium data in Ottawa are from 1953 to 2002, the precipitation tritium concentrations of Beijing can be calculated over the same period . Figure 3 shows a comparison between concentrations of tritium in precipitation calculated using the GM, TSAM, DRCM, and TM methods combined with CM.
DISCUSSION
Comparison of Different Time Series
A total of 4 tritium time series for precipitation in Beijing ( Figure 3) were reconstructed by using the 5 methods described above. The GM method gave negative tritium values that were not realistic; therefore, the GM results will not be discussed here. The other 3 methods were evaluated by com- GM 1963 -1978 1972 -1978 T = 1.5800T 0 -53.5550 0.84 7 TSAM 1969 -1976 1972 -1976 T = 1.1736T 0 -0.0497 0.71 5 DRCM 1960 -1986 1972 -1986 T = 2.9117T 0 -32.9840 0.81 15 TM 1969 -1976 1972 -1976 paring their calculation results with the locally available monitoring tritium data, and the most accurate tritium time series can be identified. Generally speaking, the most accurate time series is the one that shows the smallest uncertainties compared with the corresponding monitoring data, and thus, the method that produced the most accurate tritium time series is considered to be optimal. A comparison of the reconstructed results and the monitoring data is shown in Figure 4 . The uncertainties (1) of the TSAM, DRCM, and TM were 133, 607, and 178, respectively. It is clear that the tritium time series calculated by TSAM combined with CM had the smallest uncertainty, indicating that TSAM is the optimal method. Meanwhile, the tritium time series generated by DRCM exhibited the largest uncertainty, very likely due to the arbitrary selection of values for variation factors (f 1 and f 2 ) for the DRCM (Su 2002; Gao 2008) . The same cause is also responsible for the poor accuracy of TM.
There are primarily 2 reasons responsible for the uncertainty of TSAM. First, the uncertainty is greatly affected by the geographical distribution, the number, and the spatial density of the collected reference stations (Unwin 1978) . Particularly, even if the number and geographical distribution of the stations are the same, the uncertainties of reconstructed tritium time series may vary with the locations of the reference sites in the controlling area of the reference stations. The accuracy of reconstructed tritium time series can be improved by constructing a more accurate trend surface, which can be achieved by collecting more reference stations, and by selecting reference stations nearer the study area. However, in reality, the number of available reference stations within GNIP is small and are geographically very far from Beijing. Second, the effects of the latitude, location, and precipitation amount, as well as the differences in local climate patterns and the characteristics of the atmospheric circulation, may also cause uncertainty in the results, which are very difficult to thoroughly be considered when applying this method.
Although the tritium time series reconstructed by TSAM combined with CM was found to be the optimal method in this study, the reconstructed tritium time series needs further validation due to the inherent uncertainty in TSAM.
Comparison of the Optimal Time Series with Other Locations
The tritium time series reconstructed by TSAM combined with CM was further verified by comparing the calculated results of Beijing with the measured tritium concentrations of Ottawa Station (Figure 2 ), Shijiazhuang Station (China), and Tianjin Station (China) (Figure 1 ) of GNIP. Among all GNIP stations, Ottawa Station keeps the most complete record (covering the longest period of time), while Shijiazhuang and Tianjin are the 2 stations geographically closest to Beijing. The tritium time series from these 3 stations are plotted in Figure 5 along with the optimal time series of Beijing reconstructed by TSAM combined with CM. It is clear that the reconstructed time series of Beijing is pretty similar to that of Ottawa in that both show almost the same temporal variation pattern; in particular, both series show an inflection point and their peak year (1963) is the same.
The differences among these tritium time series cannot be shown clearly in Figure 5 for the years after 1972 due to the sharply decreased tritium concentration in precipitation worldwide over the same period. The tritium time series from 1972 to 2002 are presented in the inset of Figure 5 with a y axis scale being only about 1/30th of that in Figure 5 . The decreases in tritium concentrations after 1972 are clearly evident for all 4 time series; meanwhile, the variations and differences among the 4 time series are remarkable.
Figure 5 also shows that the tritium concentration in precipitation exhibits an obvious regional difference. Therefore, given the short half-life of tritium, considerable uncertainties will be produced by time series reconstructed from other places, rather than due to the study area as the input function in groundwater dating models. For example, for a given groundwater sample, its dated age will be ±12.32 yr than its real age if the tritium value of precipitation used in the dating model is 50% smaller/bigger than the real value (for more detailed information on the dating model uncertainty, see Clark and Fritz 1997; Bethke and Johnson 2002; Su 2002; and Zhai et al. 2012b) .
The above analysis indicates that the tritium time series in precipitation of Beijing reconstructed by TSAM combined with CM was reasonably accurate. However, it is worth noting that the optimal method and the corresponding result likely change with the addition of data from geographically closer GNIP stations and with more Beijing data.
CONCLUSIONS
The tritium time series in the precipitation of a study area is essential either for calculating the input function in a groundwater dating model or for providing fundamental information for groundwater recharge assessment. However, long-term monitoring data of tritium in precipitation are lacking in many areas, making construction of a tritium time series difficult. This paper analyzed tritium time series in the precipitation of Beijing during 1953-2002, reconstructed by using the Guanbingjun method, trend surface analysis method, double reference curve method, triangulation method, and correlation method. By comparing the reconstructed time series with the measured data of Beijing, the optimal reconstructed time series as well as the corresponding method (TSAM combined with CM) showing the smallest uncertainty was identified. Moreover, the optimal result was further validated by comparison with measured data from 3 stations of GNIP (i.e. Ottawa, Shijiazhuang, and Tianjin). The reconstructed result can be used for groundwater dating and related studies in Beijing and the surrounding areas.
